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(57) An optical semiconductor device having a plu- 
rality of GaN-based semiconductor layers containing a 
strained quantum well layer in which the 6trained quan- 
tum well layer has a piezoelectric field that depends on 
the orientation of the strained quantum well layer when 
the quantum layer is grown. In the present invention, the 
strained quantum well layer i6 grown with an orientation 
at which the piezoelectric field is less than the maximum 
value of the piezoelectric field strength as a function of 
the orientation. In devices having GaN-based semicon- 
ductor layers with a wurtzite crystal structure, the growth 
orientation of the strained quantum well layer Is lilted at 
least 1 s from the (0001 ) direction of the wurtzite crystal 
structure. In devices having GaN-based semiconductor 
layers with a zlncblende crystal structure, the growth ori- 
entation of the strained quantum well layer Is tilted at 
least 1 • from the (1 1 1 J direction of the zincblende crystal 
structure. In the preferred embodiment of the present 
Invention, the growth orientation Is chosen to minimize 
the piezoelectric field in the strained quantum well layer. 
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Description 

[0001 J The present invention relates to optical semi- 
conductor devices, (or example toa structure for improv- 
ing the efficiency of light emitters and photodetectors s 
fabricated from GaN-based semiconductors. 
[0002] In the following discussion a lll-N semiconduc- 
tor is a semiconductor having a Group III element and 
nitrogen. IH-N semiconductors such as GaN are useful 
in fabricating light emitting elements that emit in the blue 10 
and violet regions of the optical 6pectrum. These ele- 
ments include light emitting diodes and laser diodes. La- 
ser diodes that use semiconductor material based on 
GaN that emit in the blue and violet regions of the spec- 
trum hold the promise of substantially improving the is 
amount of information that can be 6tored on an optical 
disk. However, higher efficiencies are needed for both 
semiconductor light emitters and photodetectors. This 
is a particularly urgent problem In GaN-based optical 
semiconductor devices using BN, AIN, GaN, or InN. zo 
which are compounds of nitrogen and Group III ele- 
ments such as B, Al, Ga, and In and their mixed crystal 
semiconductors (hereinafter, called GaN-based semi- 
conductors). 

[0003] Light emitting elements based on lll-N semi- zs 
conductors are typically fabricated by creating a p-n di- 
ode structure having e light generating region between 
the p-type and n-type layers. The diode is constructed 
from layers of lll-N semiconducting materials. After the 
appropriate layers are grown, electrodes are formed on 30 
the p-type and n-type layers to provide the electrical 
connections for driving the light-emitting element. 
[0004] One class of blue and green light-emitting di- 
odes (LEDs) or 6hort-wavelength laser diodes (LDs) use 
GalnN/GaN 6trained quantum wells or GalnN/ ss 
GalnNstrainedquantum wells located between the n- 
type and p-type layers to generate light by the recombi- 
nation of holes and electrons injected from these layers. 
In prior art devices, a strained GaN-based semiconduc- 
tor layer is constructed by growing a {0001 ) plane of a *o 
normal GaN-based crystal. The resulting layer has a 
large piezoelectric field. For example, in a Ga^lno ,N 
strained layer, an extremely large piezoelectric field of 
around 1 MV/cm is generated. 

[0005] Usually, when an electric field exists in a quan- <s 
turn well, the energy band of the quantum well layer 
tends to Increase as the electric field increases. As a 
result, the wave functions of the electrons and holes al- 
ternately polarise, and the overlap Integrals of both 
wave functions decrease. Since the optical properties so 
such as the light emission and absorption efficiencies 
depend on these overlap Integrals, the efficiency of 
these devices decreases with increasing electric fields. 
[0006] The present invention 6eeks to provide an im- 
proved optical semiconductor device. ss 
[0007] According to an aspect of the present Invention 
there Is provided an optical semiconductor device as 
specified In claim 1 . 



[0008] According to another aspect of the present in- 
vention there is provided a method of fabricating an op- 
tical semiconductor device as specified in claim 7. 
[0009] The preferred embodiment can provide an im- 
proved lll-N semiconductor device in which the efficien- 
cy of light generation or detection is increased relative 
to prior art devices. It can also provide a strained quan- 
tum well layer having a reduced piezoelectric field. 
[0010] Tho preferred embodiment is an optical semi- 
conductor device having a plurality of GaN -based sem- 
iconductor layers containing a 6trained quantum well 
layer in which the strained quantum well layer has a pi- 
ezoelectric field that depends on the orientation of the 
strained quantum well layer when the quantum layer is 
grown. The strained quantum well layer is grown with 
an orientation at which the piezoelectric field is less than 
the maximum value of the piezoelectric field strength as 
a function of the orientation. In devices having GaN- 
based semiconductor layers with a wurtzite crystal 
structure, the growth orientation of the 6trained quantum 
well layer is tilted at least 1* from the {0001} direction of 
the wurtzite crystal structure. In devices having GaN- 
based semiconductor layers with a zincblende crystal 
structure, the growth orientation of the 6trained quantum 
well layer is tilted at least 1° from the {111} direction of 
the zincblende crystal structure. In the preferred embod- 
iment of the present invention, the growth orientation is 
chosen to minimise the piezoelectric field in the strained 
quantum well layer. . 

[0011] An embodiment of the present invention is de- 
scribed below, by way of example only, with reference 
to the accompanying drawings, in which: 
[0012] Figure 1 illustrates the crystal structure of a 
WZ-GaN-based semiconductor. 
[0013] Figure 2 is a graph of the piezoelectric field 
generated in the quantum well with respect to the growth 
orientation of the WZ-GaN-based semiconductor quan- 
tum well. 

(0014] Figure 3 illustrates the crystal structure of a 
ZB-GaN-based semiconductor. 
[0015] Figure 4 Is a graph of the piezoelectric field 
strength generated in the quantum well with respect to 
the first path shown in Figure 3. 
[0016] Figure 5 Is a cross-sectional view of an edge 
emitting laser diode according to one embodiment of the 
present Invention. 

[0017] Figure 6 is a graph of the relative light gener- 
ation efficiency of quantum wells in a semiconductor de- 
vice and a prior an semiconductor device as functions 
of the well width. 

[0018] Figure 7 is a cross-6ectional view of an edge 
emitting laser diode according to a second embodiment 
of the present Invention. 

[0010] The described embodiment is based on the ob- 
servation that the piezoelectric field in a strained quan- 
tum well layer depends on the orientation of the crystal 
structure of the quantum well layer, and hence, by con- 
trolling the facet orientation, the piezoelectric field can 
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bo minimised. Tho manner in which this is accomplished 
may be more easily understood with reference to two 
types of strained quantum well structures, those based 
on a wurtzite crystal structure and those based on a 
zincblende crystal structure. 

[0020] Refer now to Figure 1 which illustrates a wur- 
tzite crystal GaN (WZ-GaN) structure 10. The piezoo- 
loctric field generated in a crystal having a facet orien- 
tation along arc 11 in Figure 1 is 6hown in Figure 2 as a 
function of the angle G between the {0001} direction and 
the facet orientation. The data shown in Figure 2 is tor 
Gauging .,N strained quantum well layers. The piezoe- 
lectric field reaches maxima in the {0001} direction or 
the {000- 1 } direction, and has three orientations at which 
the piezoelectric field is zero. The same result is ob- 
tained for other arcs. e.g.. arc 12. That is, the piezoe- 
lectric field is uniquely determined by the difference in 
the angle between the {0001 } direction and the facet ori- 
entation of the concerned plane, i.e. the piezoelectric 
field is Independent of 6. 

[0021] Hence It is clear from Figure 2 that there are 
three sets of planes for which there is no piezoelectric 
field. For example, the planes at 90" to the C-axis, i.e., 
the A-plane. {2-1-10}, the M plane {0-110}, etc. The 
planes around 40 s and 140° to the C-axis also provide 
planes with a zero piezoelectric field, i.e., the R planes 
{2-1-14}, {01-12}, etc. 

[0022] The strength of the piezoelectric field depends 
on the composition of the GalnN 6trainsd quantum well 
layer. However, the plane orientations in which the field 
is zero are, at most, only slightly altered. In particular, 
the 90° facet orientation measured from the {0001} di- 
rection where the piezoelectric field becomes 0 does not 
depend on the ratio of Ga, to In. The plane orientations 
corresponding to the 40° and 140 8 orientations dis- 
cussed above change by no more than a maximum of 
5° from the 40° and 140* values determlnedforthe com- 
position shown in Figure 2. 

[0023] A similar analysis can be applied to other crys- 
tal structures. Consider a zincblende crystal structure 
GaN-based semiconductor layer, referred to as ZB-GaN 
in the following discussion. A ZB-GaojIno t N strained 
quantum well layer can be formed on GaN in a manner 
analogous to the WZ-GaN-based semiconductor 
strained quantum well layer discussed above. Figure 3 
shows the crystal structure 20 of the ZB-GaN-based 
semiconductor. To simplify the discussion, the spherical 
co-ordinate system used with reference to Figure 1 will 
also be used here. The radius vector has a polar angle 
6 measured from the {001 } direction and a cone angle, 
about the {001 } direction. First and second paths hav- 
ing a constant azimuth angle $ are shown at 21 and 22. 
[0024] Refer now to Figure 4, which is a plot of the 
piezoelectric field in the strained quantum well layer with 
respect to the polar angle 0 for various orientations of 
the strained quantum well layer on path 21 . In Figure 4. 
$ = 45" and the {001} direction corresponds to 0 = 0°. 
The {111} direction corresponds to 9=54.7*. {110} direc- 
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tion corresponds to 9=90°. and the {11-1} direction cor- 
responds to 6=125.3°. It is clear from Figure 4. that the 
piezoelectric field has maxima in the {111} direction (0 
around 55°) and the {11-1} direction ((around 125o). 
More importantly, the piezoelectric field goes to zero for 
6 = 0,90 e . and 180°. 

[0025] A similar analysis with respect to path 22 
shows that the piezoelectric field is essentially 0 for all 
points along this path. Path 22 corresponds io a 
Ga o.9 ,n o.i N strained quantum well layer in which the 
growth orientation corresponds to Band $ = 90°. Hence 
in a strained quantum well crystal of ZB-GaN-based 
semiconductor, almost no piezoelectric field is generat- 
ed in the strained quantum well layer that has growth 
planes beginning in the {001} plane or {011} plane and 
a facet orientation angle 9 on path 22. A similar result 
holds for planes that are equivalent to these. 
[0026] The manner in which the above-described ob- 
servations are used in the fabrication of a light emitter 
will now be explained with the aid of Figure 5 which is a 
cross-sectional view of a laser 30. If the crystal growth 
orientation is excluded, the composition of each depos- 
ited layer is essentially that used in a conventional laser 
diode. 

[0027] Laser 30 is constructed from a number of lay- 
ers. An n-type GaN contact layer 33, an n-type AIGaN 
cladding layer 34, a strained multiple quantum well layer 
35, a p-type AIGaN cladding layer 36. and a p-type GaN 
contact layer 37 are successively deposited on a sub- 
strate 31 which is typically, sapphire, SiC, or GaN. An 
n-electrode 38 and a p-electrode 39 are deposited as 
shown. 

[0028] The strained multiple quantum well layer 35 is 
typically constructed from GalnN/GaN orGalnN/GalnN. 
In a laser diode, the layers of the quantum well are 
caused to grow such that the piezoelectric field gener- 
ated by the layers is negligible. In conventional laser di- 
odes, the {0001} plane of a sapphire substrate is used 
to grow the various layers. As noted above, this leads 
to a high piezoelectric field and poor efficiency. 
[0029] As noted above, there are a n umbo r of p lanes 
for which the piezoelectric field is substantially zero. 
One of these is utilised in a laser diode. The particular 
plane will depend on the type of crystal. For example in 
the case of a WZ-GaN light emitter, the {2-1-10} plane 
of the strained quantum layer material can be caused to 
grow by selecting the appropriate growing surface of 
substrate 31. If the substrate b sapphire, the sapphire 
is cut such that the {01-12} plane is used for growing 
layer 33. In the case of SiC, the {2-1-10} plane is U6ed. 
In the preferred embodiment of the present Invention, 
SiC with a growth plane of {2-1-10} Is preferred. 
[0030] The relative efficiency of a laser diode as thus 
constructed and a conventional laser diode grown on 
the {0001 } plane of a sapphire substrate is 6hown in Fig- 
ure 6 as a function of the width of the quantum well. 
Curve A is the efficiency for the device discussed above 
with reference to Figure 5. and curve B is the efficiency 
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of the conventional device. It will be appreciated from 
this figure that the present invention provides a substan- 
tial improvement in the efficiency of light generation. 
[0031] The preferred embodiment may also be uti- 
lised to provide improved performance from photode- 5 
lectors. Photodetectors fabricated by growing the de- 
vice on the {0001} plane of a sapphire substrate exhibit 
an efficiency and absorption band that depend on light 
intensity. In particular, the efficiency, of conversion in- 
creases with light intensity while the useful wavelength '<> 
range decreases. 

[0032] In a photodetector, the device is grown on a 
substrate that results in little or no piezoelectric field in 
the strained quantum well layer. Hence, the increase in 
efficiency and decrease in absorption band arc substan- *s 
tially reduced or eliminated. In general, the growing 
technique for a photodetector is the same as that used 
to construct a light emitter: however, thicker strained 
quantum well layers are utilised to improve the absorp- 
tion of the incident light. so 
[0033] It would be advantageous in many circum- 
stances to utilise a sapphire or SiC substrate in which 
the layers, except for strained quantum wells, are grown 
on the {0001} plane, since 8 substrates cut to provide 
growth on a {0001 } plane are commercially available. ss 
Refer now to Figure 7 which is a cross-sectional view of 
the optical semiconductor device 50 according to anoth- 
er embodiment of the present invention in which only 
the layers related solely to light emission and absorption 
have the desired facet orientation. Device 50 is con- 30 
structed by growing an n-type GaN contact layer 53 and 
an n-type AIGaN cladding layer 54 on the {0001} plane 
orientation on the substrate 51 such as SiC or GaN 
based on conventional technology. Next, by selective 
growing or selective etching, the {2-1-14} plane or 35 
{01-12} plane Is formed. The GalnN/GaN or GalnN/ 
GalnN 6trained multiple quantum well layer 55 is then 
formed by repeating the crystal growth. 
[0034] Next, the remaining p-type AIGaN cladding 
layer 56 and the p-type GaN contact layer 57 are sue- *o 
cessfvely deposited and formed. The p-type AIGaN 
cladding layer 56 and the p-type GaN contact layer 57 
change the crystal structure back to that corresponding 
to the {0001 } plane from the facet orientation of the well 
layer 55 and become layers with specific thicknesses. ** 
The n -electrode 58 and the p-electrode 59 are formed 
as the electrodes on the n-type GaN contact layer 53 
and the p-type GaN contact layer 57, respectively. The 
growing surfaces 55A 55B on both sides of the GalnN 
6trained multiple quantum well layer 55 arc the {01-12} so 
plane or the {2-1-14} plane. The p-type AIGaN cladding 
layer 56 and the p-type GaN contact layer 57 become 
flat growing surfaces. To simplify the next process, it is 
advisable that they be several microns thick. In the pre- 
ferred embodiment of the present Invention, an AIN buff- ss 
er layer 52 is grown on the substrate 51. 
[0035] As noted above, the specific plane selected for 
growing the quantum well layer depends on the crystal 



type. In WZ-GaN-basod optical semiconductor devices, 
the {0001} plane may be utilised, since this plane ha6 
excellent crystal quality and generates almost no piezo- 
electric field. For devices based on different compound 
semiconductors such as AIN. it can be shown that the 
piezoelectric field as a function of the facet orientation 
behaves similarly to that described above if the crystal 
type is the same. The orientation inclination, 6, for which 
the piezoelectric field of 0 may, however, change by as 
much as 10°. 

[0036] The disclosures in Japanese patent applica- 
tion no. 09/265,311, from which this application claims 
priority, and in the abstract accompanying this applica- 
tion are incorporated herein by reference. 



Claims 

1 . An optical semiconductor device including a plural- 
ity of GaN-based semiconductor layers [33. 34, 36, 
37, 53. 54. 56. 57] containing a strained quantum 
well layer (35. 55], said strained quantum well layer 
having a piezoelectric field therein having a field 
strength that depends on the orientation of said 
strained quantum well layer [35. 55] when said 
quantum layer (35, 55] with an orientation at which 
said piezoelectric field is less than the maximum 
value of said piezoelectric field strength as a func- 
tion of said orientation. 

2. An optical semiconductor device as in Claim 1, 
wherein said GaN-based semiconductor layers [33. 
34. 36, 37. 53, 54, 56, 57] have a wurtzite crystal 
structure and wherein 6aid growth orientation of 
said strained quantum well layer [35. 55] is tilted at 
least 1" from the {0001} direction of said wurtzite 
crystal structure. 

3. An optical semiconductor device as in Claim 2. 
wherein at least one other layer of said GaN-based 
semiconductor has a grown orientation in the 
{0001} direction. 

4. An optical semiconductor device of Claim 2 wherein 
said strained quantum well layer [35. 55] is tilted at 
40°, 90°, or 140" from said {0001 } direction. 

6. An optical semiconductor device as in Claim 1, 
wherein said GaN-based semiconductor layers (33. 
34. 36, 37, 53, 54. 56, 57] have a zincblende crystal 
structure and wherein 6aid growth orientation of 
said strained quantum well layer [35, 55] Is tilted at 
least 1* from the {111} direction of 6aid zincblende 
crystal structure. 

6. An optical semiconductor device as in Claim 5. 
wherein at least one other layer of 6akJ GaN-based 
semiconductor has a growth orientation in the (111} 
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direction. 

A mothod of fabricating a GaN-basod optical sem- 
iconductor device, said method comprising the 
steps of: s 

growing a first semiconductor layer on a sub- 
strate, said first semiconductor layer being 
grown with a first facet orientation: 
altering the surface of said first semiconductor io 
layer that is not in contact with said substrate 
6uch that said altered surface provides a 
growth orientation having a second facet orien- 
tation for a subsequent semiconductor layer 
grown thereon, said second facet orientation 
differing from said first facet orientation: and 
growing a strained quantum well layer on said 
altered surface. 

A method as in Claim 7, wherein said 6tep of altering so 
6aid surface of 6aid finst semiconductor layer com- 
prises selectively etching said first semiconductor 
layer or selective diffusion of said first semiconduc- 
tor layer. 

25 

A method as in Claim 7, comprising the step of 
growing a second semiconductor layer on said 
strained quantum well layer, said second semicon- 
ductor layer being grown with a facet orientation 
equal to said first facet orientation. 30 
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FIGURE 2 
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FIGURE 5 
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